Abstract
Introduction
Bovine brucellosis, the most common bacterial zoonoses worldwide [1, 2] , caused by the bacterium Brucella abortus, is a major public and animal health issue worldwide. The disease can cause chronic and debilitating infection in humans and reproductive losses / abortion in cattle [3, 4] . Aborted foetuses and amniotic fluids from infected animals are highly infectious [5] and are thought to be a major transmission route to new susceptible hosts [6] . The nasal and oral mucosae of animals are considered the most likely site of entry for the pathogen to new hosts [7, 8] .
The B. abortus bacterium is a facultative intracellular pathogen [9] but can remain viable in the environment for long periods provided there is an adequate moisture level. Conversely, strong sunlight and an arid climate can reduce the survival of the bacterium in the environment [7, 9] . Further elucidation of the epidemiology of the pathogen has been gained by use of data from the greater Yellowstone area of the western United States where both elk and bison are known wildlife reservoirs. In this setting, animal density has been observed to play a crucial role in the likely outcome of a disease outbreak. Both elk and bison populations are at considerably greater risk of developing widespread infection if abortions occur during the winter period when grazing land is scarce leading to higher animal density [9] . In intensively farmed agricultural settings, such as Northern Ireland, dense populations of domesticated bovine animals are therefore at a considerable risk of becoming infected in the event of brucellosis mediated abortion within their herd.
Eradication of bovine brucellosis is undertaken using a test and slaughter protocol that makes use of internationally standardised bacterial culture and diagnostic tests. In addition, vaccination to agreed international standards is routinely deployed in some parts of the world [2, [10] [11] [12] . Whilst B. abortus eradication programmes have been effective in much of the developed world [13] , including in Great Britain, the Republic of Ireland, Australia, New Zealand and most of North America [6, 14] , in many other locations, the disease remains a costly and challenging issue. Gaining and maintaining officially brucellosis free (OBF) status is economically desirable for nations since being free from disease increases herd productivity and opportunities for trade whilst reducing expenditure on control and/or eradication.
Despite initial success in disease eradication in Northern Ireland throughout the 1980s [15] , three major sporadic outbreaks in 1997 [16] led to regional recrudescence [15] . The cost of the Northern Ireland eradication scheme between 1999 and 2013 has amounted to approximately £150 million sterling.
At the molecular level, the Brucella genus is characterised by a high level of nucleotide similarity [1, 5, 17] . The latter has, until relatively recently, been a handicap to effective characterisation of individual isolates for epidemiological tracing purposes [18] . However, recently developed molecular approaches permit the characterisation of individual tandem repeat sequences of DNA among Brucella isolates [5] . The genotyping of these rapidly evolving markers, by characterisation of the number of repeats at each locus, can be used to construct a genetic fingerprint / molecular type for bacterial isolates. These molecular types are well suited to investigating individual disease outbreaks and permit tracing of onward transmission in epidemiologically linked cases which share alleles at multiple tandem repeat loci [19] . Multiple variable number of tandem repeat (VNTR) loci can now be combined in multiplex assays which provide unprecedented levels of isolate discrimination within and between Brucella species, the latter is referred to as multi-locus VNTR analysis (MLVA) [5] . Bricker et al., [18] were the first to use such a technique with their highly discriminatory 'HOOF-prints' system. Since initial efforts using MLVA to distinguish isolates within Brucella species, alternative panels using different combinations of markers / loci have been proposed by various authors to improve discriminatory power and provide redundancy should some loci be monomorphic or hypervariable in certain sub-populations of the pathogen [4, 20] . The latter may arise due to the mostly clonal nature of the Brucella species [5] and the related observation that there is considerable geographical structure among isolates in outbreaks [20] -such features can tend to lead to differing powers of discrimination for some loci in different populations. Thus, while use of a harmonised global MLVA scheme should be encouraged to facilitate understanding of international epidemiology [5] in some scenarios use of a scheme tailored to extant genetic diversity locally is required to maximally exploit the value of MLVA [5] .
MLVA has recently been used to successfully monitor and inform on the epidemiology of Brucella infections in a variety of species such as cattle and wildlife in The United States of America [21] , livestock and humans in Italy [22] and humans from across Europe [23, 24] and China [25] .
In the present study, during the recent Northern Ireland B. abortus epidemic, isolates from most confirmed infected animals were cultured and genotyped by MLVA. The panel of VNTRs examined was configured to maximise robust discrimination in the sampled population. In addition, MLVA was applied to multiple samples within animal, within-herd and between herd. The performance characteristics of this MLVA were evaluated and the molecular epidemiology of B. abortus monitored. This extensive and unique dataset, collected over a long time period, during an active epidemic, presented an excellent opportunity to assess the usefulness of MLVA when used in concert with conventional epidemiological techniques, to aid disease control measures.
Materials and Methods
As the Northern Ireland brucellosis outbreak developed post 1997, herd and animal level incidences, as recorded by the Department of Agriculture and Rural Development (DARD) were observed to peak in January 2003 at 1.4% and 0.19%, respectively [26] . Since 2003/2004, there was a steady decrease in herd and animal incidence such that by August 2012, levels had reached 0.06% and 0.006%, respectively (Fig 1) . To date, there have been no new laboratory confirmed cases of brucellosis since March 2012.
B. abortus isolates sampling frame
During the period of the epidemic described above, all animals across all 10 Divisional Veterinary Offices in Northern Ireland (see Fig 2) were tested for brucellosis. The population and sub-populations of animals which tested positive for the disease and were analysed using molecular methods are detailed below.
Meta Population A. 1270 isolates from 745 animals in 362 herds in Northern Ireland over the period of 1991 to 2012 were available to this study (see S1). Sub groups of this meta-population were used to address specific questions about the performance characteristics of MLVA.
Sub-population B. 576 frozen isolates from 314 herds over the period Mar 1991-Aug 2008 were collected. These were MLVA typed by Animal Health and Veterinary Laboratories Agency (AHVLA) (MLVA26). In this group of samples 193 herds supplied 1 isolate and 121 herds supplied 2 or more isolates. Unfortunately, there is an under representation of samples in years 2001-2003 during the peak of the epidemic.
Sub-population C. Within sub-population B, the 386 disclosing isolates from each herd were used to determine the diversity indices for each of 26 VNTR loci tested for the purposes of determining which markers were optimal for discrimination of different molecular typessee details below.
Sub-population D. From Sept 2008-Mar 2012, 694 isolates from 182 cattle in 58 herds (including 58 disclosing isolates) were analysed at Agri Food and Biosciences Institute (AFBI) Stormont using an optimised panel of 11 VNTR markers. This multiple sampling of herds and individual animals provided an opportunity to assess within-herd and within-animal variability of the VNTR loci.
Brucella abortus culture
Brucella infected animals were identified by serology and follow up laboratory confirmation by culture using standard methods as prescribed by the World Organisation for Animal Health [11] . Isolates were cultured from one or all of the following lymph node glands:-parotid, retropharyngeal, submandibular, supramammary/superficial inguinal, internal iliac. The glands were trimmed and macerated before being streaked onto a Farrell's agar plate containing natamycin and incubated with 5-10% CO 2 at 37°C for up to 14 days [27] . One colony was selected from the Farrell's plate and sub-cultured onto another Farrell's and a blood agar plate [11] . PCR-ready DNA was harvested by boiling a single colony from either the Farrell's or blood agar plate in 200ul TE buffer at 100°C for 7 minutes, then centrifuging at 13, 000rpm for 10 mins. This boiled supernatant was used for all PCR (MLVA) assays. 
VNTR loci genotyping
AHVLA genotyped sub-populations B and C (576 sample set), including the disclosing isolates from 314 herds using the 21 VNTR loci described by Whatmore et al., [4] with an additional 5 VNTR loci (Bruce 19, 21, 27, 72 and 74) as described by Le Flèche et al., [20] resulting in a 26 VNTR MLVA test. A useful summary of MLVA loci and their repeat unit size, chromosome location and any aliases in nomenclature is provided by Scholz and Vergnaud [28] Primer pairs consisted of the forward primer fluorescently labelled with either NED, 6-FAM or HEX and a reverse primer unlabelled. The 26 loci were multiplexed into 8 sets of three loci and 1 set of 2 loci. The PCR conditions were as previously described for multiplex PCR [4] . Amplified products were routinely diluted 1:50 in water and 1ul separated by capillary electrophoresis on an Applied Biosystems 3130xl genetic analyzer. All samples were run with Genescan Rox 500 (Applied Biosystems) size marker as an internal standard, and the bands were sized relative to these markers by using Genemapper software (Life Technologies). Raw base pair data for all repeats was recorded and assigned to discrete allele bins using Genemapper software. A standardised allele naming table was supplied by AHVLA based on the previous work of Bricker et al [18] , Le Fleche et al [20] and Whatmore et al [4] . This table allowed for the binning of all PCR products, even those which exhibited 3' partial repeats.
These initial data permitted the identification of a sub-set of 11 VNTRs, excluding those found to be monomorphic or extremely hypervariable, which were optimal for characterising the diversity of the B. abortus population sampled in Northern Ireland. Allele calls from each VNTR locus were concatenated, in order of increasing diversity index, to constitute an 11 MLVA molecular type. The remaining 694 isolates from 58 herds (sub-population D) were typed at AFBI using this MLVA11 assay.
The 11 loci were multiplexed into 3 sets of three loci and 1 set of 2 loci (See Table 1 for primer details). Each reaction mixture consisted of 1ul of 10 X Hot start PCR buffer (Qiagen), 2ul 5 xQ soln (Qiagen), 0.5ul of 10mM deoxynucleoside triphosphates, 0.4ul of 25mM MgCl2, 0.2ul of each of the 2 or 3 forward primers(10uM), 0.2ul of each of the 2 or 3 reverse primers (20uM) and 0.05ul of Hot Start Taq polymerase (Qiagen) in a final volume of 9.5ul of water followed by the addition 0.5ul of template DNA.
The PCR cycling parameters were 95°C for 15 min; followed by 35 cycles of 95°C for 30sec., 58°C for 30sec., and 72°C for 1 min; then a final extension time of 20 min. Post PCR 1ul of amplified product was run on an Applied Biosystems 3130xl genetic analyzer as described above, and analyzed using Genemapper software (Life Technologies). Four positive controls were run in PCR reactions-AHVLA B. abortus 544 biovar 1, AHVLA B. melitensis 16M biovar 1, AHVLA B. suis 1330 biovar 1 and AFBI B. abortus 86/8/59 biovar 2. A panel of 7% repeats was performed by AFBI to compare with results generated by AHVLA to ensure consistent technology transfer.
Epidemiological Data
Data on chronology of detection of infection and geographical location of herd breakdown were made available from the Animal and Public Health Information database (APHIS) [29] . These data were compiled for all isolates for the purposes of monitoring the epidemic, but additionally, to provide insight into those outbreaks which were potentially related when combined with molecular typing data.
Genotypic Data Analysis
The genetic diversity of each VNTR locus in all sub groups of the 1270 total isolates collected was determined using the Hunter-Gaston diversity index (DI) [30] . The DI was calculated using the V-DICE program from the HPA-Bioinformatics tools at http://www.hpa.org.uk. The DI can range from zero (monomorphic) to one and is the probability of randomly drawing two samples from a population which exhibit a different allele at the locus in question.
Cluster analysis was undertaken to determine the potential relatedness of the concatenated 11 VNTR Brucella genotypes. A dendrogram of all 98 disclosing isolate genotypes was produced using VNTR allele calls imported into the Bionumerics software package, (v 6.6, Applied Maths, Belgium), and analyzed as character types. Cluster analysis was performed using the categorical coefficient, implying character sets are unordered, and the unweighted pair group method using arithmetic averages (UPGMA). All markers were given equal weightings. Dendrogram construction was undertaken using only MLVA data with no additional epidemiological data on location or chronology of infection utilised. In addition, the standard minimum spanning tree (MST) approach offered by eBurst [31] was applied to the total 387 herd level disclosing isolate samples collected over the whole sampling period. Criteria for membership of a cluster were set to isolates exhibiting identical genotypes at 9 of the 11 genotyped loci, with single locus and double-locus variants of nearest neighbours accepted as members of clonal complexes. The default 1000 bootstraps were undertaken to identify the potential founder molecular type of each of the clonal complexes. Combined genotype and epidemiological data were used to define the relatedness of isolate genotypes and to assign membership of clonal complexes. Specifically, those isolates which exhibited an identical or closely related genotype (permitting single and double locus variants), occurring contemporaneously in close geographical proximity were classified as belonging to the same clonal complex. Isolates falling outside of home range clusters were assigned to the same clonal complex as that observed in the cluster, provided close genotypic similarity to isolates within the cluster was observed and the contemporaneous nature of infection was established. In addition, on some occasions, sporadic non clustered isolates could also be assigned a clonal complex on the basis of exhibiting an identical or closely related genotype to a brucellosis affected herd from which the farm in question had recently purchased animals. Herds were deemed to be epidemiologically linked whenever they were observed to possess isolates from the same clonal complex.
Spatio temporal analyses
First isolates from sub-population C, across the duration of the epidemic, had their herd coordinates entered into ArcGIS for geographical clustering analysis. Clustering was assessed using nearest neighbour analysis and the Multi-Distance Spatial Cluster Analysis tool, based on Ripley's K-function [32] , with a confidence envelope constructed around expected values using 99 simulations. Herd breakdowns were defined on the basis of the following criteria: 1-If after 12 months there had been no additional confirmed reactor animals identified, a herd was presumed to be clear of infection. This 1 year period provided opportunity for all pregnant cattle to produce calves. If no new abortion events had occurred in this period, or any culture confirmed Brucella reactors had been identified, then it was assumed that infection had been cleared.
2-Using pathogen molecular data could further refine criterion 1. Sharing the same clonal complex (see below) of strain separated by at least a year of no intermittent confirmed reactors or abortions was not considered reason enough to suggest both disease occurrences were in reality the same event. Since multiple genotypes exist within clonal complexes, it was difficult to say that two events were definitively linked over the elapsed time period. If however clonal complex and isolate genotype were the same across any period of time within the same herd, this was taken as evidence of an ongoing infection event.
Single isolates per animal from sub-population B presented an opportunity to, within each confirmed herd brucellosis breakdown, answer two specific questions:
1-What factors affected metrics of strain diversity during herd episodes? Number of strains per episode was highly skewed, and was therefore simplified to a binary outcome (0 = diversity index of 1; 1 = diversity index>1) for modelling purposes. This diversity outcome variable was modelled using a maximum likelihood logistic regression model. As there was clustering within the dataset (animals-clustered within herds), we adjusted our model using the clustering sandwich estimator within Stata 11 (College Station, TX: StataCorp). This estimator relaxes the requirement of independence within groups (intragroup correlation), but treats groups independently (no intergroup correlation dependence). This clustering adjustment affects the variance-covariance matrix and standard errors but not the parameter estimates. Diversity was modelled against independent variables: clonal complex (categorical; 8 levels), time to clear infection (modelled as a binary dummy variable, 0 meaning 0 days; 1 meaning >0 days to clear) and number of positives disclosed during the episode.
2-What factors influence the time to clearance? Time to clearance was also highly skewed in the dataset and was consequently also modelled as a binary outcome variable of time (0 = whether the herd cleared immediately, 1 = Clearance time). This outcome variable was modelled against independent variables clonal complex and the number of positives within the herd during an episode using a logistic regression model.
The multiple isolates per animal from Sub Population D were similarly used to assess the impact on pathogen diversity, within herd breakdowns, of number of infected sites sampled per animal. Correlation analysis was used in STATA 11 to address this question and by using a Poisson model of the count of strains, related to the number of sites sampled per animals, while controlling for clustering within herd.
Results

Discriminatory Power of VNTR loci in the Northern Irish B. abortus Population
Diversity indices for all individual markers used across meta population A and sub-populations B, C and D are shown in Table 2 .
A combined MLVA11 diversity index is also shown in Table 2 for each of the population samples described above.
From molecular typing data for the initial 314 disclosing isolates (sampled 1991-2008), several markers were sub-optimal for use in the Northern Irish population because they were mono-morphic. These 12 loci were Hoofprint 5, VNTR 7, VNTR 14, VNTR 17, VNTR 21, VNTR 24, VNTR 26, VNTR 27, BRUCE 19, BRUCE 21, BRUCE 27 and BRUCE 74. These loci were subsequently not used for further analyses (See Table 2 columns 6 and 7).
Hoofprint 8 was also monomorphic for the '2' allele. Previous work has shown that this locus mutates so slowly that the 2 allele has become fixed in B. abortus specific species of Brucella bacteria [18] . Our data appear to support this conclusion. Consequently, Hoofprint 8 was retained in our assay as a proxy measure of "species" identification.
Conversely, VNTR12a, VNTR12b and Hoofprint 7 were excluded from the final genotyping panel despite exhibiting high DI values. All three loci appeared to exhibit hypervariability. For these loci, the diversity indices and / or number of loci exhibited in the 576 isolates of sub-population B was greater than in the 314 disclosing isolates from sub-population C (see columns 4-7 of Table 2 ). Since sub-population B contains multiple samples from the same herd, this finding suggests that within herds, isolates from multiple animals displayed considerable allelic variability at these loci. Such instability was considered to limit the usefulness of these loci in epidemiological tracings.
The final panel of 11 loci used were Hoofprint 1, 2, 3, 4, 6 and 8, VNTRs 2, 5a, 5b and 16, and Bruce 72.
MLVA11 of herd level isolate genotypes
From the 314 disclosing isolates collected over the entire sampling period (1991-2012), a total of 98 unique MLVA profiles were observed. These profiles, their clonal complex assignation and frequency over the entire period of the outbreak (1991-2012) are detailed within S1 Dataset. Table 3 .
Of note is the finding that 3 of the 98 MLVA profiles observed, genotypes 110, 66 and 37 were also characterised as biovar 2 by classical biotyping. All other isolates were biovar 1. 
MLVA11 within herd isolates
MLVA11 within animal isolates
The 694 isolates of sub-population D were taken from 182 individual animals. Up to five lymph node extracts from these animals could be used for the confirmation of B. abortus. In 32 animals, only one site was culture positive. In the remaining 150 animals, between 2 and 5 sites were culture positive. Of this 150 multiple isolate subset of animals, 43 (29%) exhibited more than 1 molecular type, varying at one or more loci. The loci which varied most were Hoofprint 3 and Hoofprint 4, accounting for 34 (79%) of the 43 variable genotypes.
In addition, 23 animals were sampled on two occasions, once by vaginal swab (VS), and secondly post mortem at a secondary site such as lymph nodes. In 9 (39%) of these two sample pairs, differences in allelic state were observed between first and second isolates at either Hoofprint 3, Hoofprint 4, or both loci.
Geographic Clustering of isolates
Herd locations were plotted using MAPINFO 7.5 (Pitney Bowes) as illustrated in Fig 2. Molecular types of high allelic similarity (single locus and dilocus variants) which occurred contemporaneously and clustered in specific geographic locations were considered to be epidemiologically linked and therefore designated as belonging to a specific clonal complex. Nearest neighbour analyses indicated there was significant clustering over the duration of the epidemic for disclosing isolates from Clonal Complexes 1, 2, 4 and 5 (Z-scores <-3; P<0.001), with shorter average nearest neighbour distances in comparison to a homogenous (random) distribution. Clonal complex 3 had a distribution not significantly different to a random distribution (Z-score = -0.277; p = 0.782). In contrast, complexes 6 and 7 were considered more dispersed than a random distribution (Z-scores>3; P<0.001), however caution should be applied to these latter results as there were only 5 observations for each complex respectively. From the Ripley's K function analysis, the observed K-distance statistic of clonal complexes 1-5 were greater than the expected K-statistic for each of the ten distance bands estimated. In all cases, for clonal complexes 1-5, the observed K statistic was greater than the upper estimate of the confidence envelope, indicating that these patterns were significantly clustered. In clonal complexes 6 and 7, there was evidence of both clustering (observed >K than expected) and dispersion (observed<K than expected) depending on the spatial scale. However, these deviations from the expected K from a random point process were never significant as the observed K were within the confidence envelope estimates. Again, one should note that the numbers of disclosing isolates available for analysis, in from clonal complexes 4-7, and in particular 6 and 7 are below 30 which may lead to spurious results. Outputs from nearest neighbour analyses and Ripley's K function are shown in S2 Dataset and S1 Table. Cluster Analysis by Dendrogram and e-Burst
The dendrogram of genetic relatedness of all 98 disclosing isolate genotypes is shown in Fig 4. Observed clustering was produced using only MLVA data-no additional epidemiological data were used. B. abortus genotypes appear to separate into two major lineages over the 1991-2012 period, with multiple sublineages observed in each.
Relatedness of disclosing isolate genotypes as assessed by MST analysis in e-Burst is shown in Fig 5. Isolates which exhibited a high degree of allelic similarity at all loci clustered together in closely related clonal complexes when combined with epidemiological data on location and chronology of infection. These clusters consist of a major genotype accounting for multiple isolates (indicated by size of the circle defining the genotype), surrounded by closely related single and double-locus variants which accounted for fewer isolates.
One large cluster of closely related genotypes (see Fig 5) accounted for 52 of 98 genotypes (53%) and 287 of 387 isolates (74%) observed among the disclosing sample sub-group. An additional 8 clusters accounted for 33 (34%) genotypes and 81 (21%) isolates. 13 genotypes, represented by just one isolate each (13% of genotypes, 3% of isolates), were not clustered by eBurst.
Clonal complex assignments
By using combined epidemiological information and clustered genotype data, we determined that over the study period, seven B. abortus clonal complexes existed. These clonal complex designations are shown within S1 Dataset and colour coded on Figs 2, 3 and 5.
Pathogen diversity analyses. Analysis of the single animal isolates from Sub Population B 1991-2008 -across all 314 herds from this sub-population, 328 herd breakdown events were identified. Of these, 300 were single infection events. 28 events were observed to be the result of two breakdown occurrences in 14 of the herds. 260 of the herd breakdown events were cleared in one eradication event, with 68 taking a longer period to purge detectable infection from the farm. In these cases, time to clear varied from 1 day to 685 days from initial disclosure (See S1 Dataset). Time to clear was highly skewed with a mean time of 56 days and a standard deviation of 125. In addition, 312 of breakdown events involved only a single animal, with the remaining 68 breakdown events involving between 2 and 13 animals-mean 1.7 animals, standard deviation 1.4 (See S1 Dataset). 283 of the breakdowns involved just a single strain genotype, whilst 45 involved between 2 and 4 genotypes-mean 1.2 genotypes, standard deviation 0.5 (see S1 Dataset).
Statistical analysis indicated that within breakdown events, Clonal Complex did not affect strain diversity (Wald test for every unit increase in number of sites tested, there was a corresponding increase of 9% in pathogen diversity within animals (exp(β) = 1.094).
Discussion
Discriminatory Power of MLVA loci in Northern Irish B. abortus Population
After removal of monomorphic and hypervariable VNTR loci detected in the survey populations described above, the following eleven VNTR loci were optimal for robust identification and characterisation of B. abortus in Northern Ireland: Hoofprint 8, VNTR 16, Hoofprint 6, Hoofprint 2, VNTR 5a, VNTR 2, BRUCE 72, Hoofprint 1, VNTR 5b, Hoofprint 4 and Hoofprint 3. Genotypes were recorded as concatenated strings of tandem repeat numbers with the loci arranged in order of increasing diversity (left to right).
Clustering and Designation of strain clonal complexes
The minimum spanning trees produced by eBurst conservatively clustered closely related MLVA11 profiles (see Fig 5) . When combined with epidemiological data, geographical clustering and period of time in which specific genotypes were observed, a detailed overview of which genotypes were most likely to be epidemiologically linked was determined. These combined data for epidemiologically linked clusters permitted the identification of 7 major clonal complexes extant during the epidemic. Significant geographical clustering of isolates by clonal complex was observed using at least one clustering metric for clonal complexes 1-5. Too few samples were available from clonal complexes 6 and 7 to make statistically robust inferences about geographic clustering. However, genetic and chronological data would suggest these isolates constitute two epidemiologically linked clusters. The occurrence and frequency of these clonal complexes and constituent 98 genotypes, varied over the study period (Fig 3) . Sole use of minimum spanning trees largely recapitulated what combined epidemiological data and genotype information had suggested, with 82% of epidemiologically linked genotypes clustering together (see Fig 5) . In particular, the largest cluster accounted for the majority of genotypes which were classified as belonging to clonal complexes 1, 2 and 6. Clonal complexes 3, 4 and 7 also exhibited clustering.
It is noteworthy that for a small minority of strain genotypes, clustering by genetic data alone resulted in clonal complex assignation that was not congruent with the epidemiological information. For example, strain 8 clustered using genetic data alone within clonal complex 2 whilst epidemiological data suggests it is part of clonal complex 1 (Fig 5 and S1 Dataset) . This is likely the result of hyper variability in some loci affecting clustering by MST. In total, only 18% of genotypes failed to cluster consistently by MST when genotype data were used alone. In particular clonal complex 5 exhibited virtually no clustering based on single locus or doublelocus variation. A common core of 6 loci with identical alleles was observed in most clonal complex 5 isolates with variation at the remaining 5 loci exhibiting the highest DIs. This hypervariation at multiple loci explains why MST clustering based on single locus / double-locus variation failed to cluster these isolates. However such cases were relatively rare and were easily assigned to their correct clonal complex upon combined use of location and chronology of infection epidemiological data.
Hierarchical clustering of MLVA genotype data alone by dendrogram revealed that the NI B. abortus population consisted of two distinct major lineages and constituent sub lineages (See Fig 4) . None of the clonal complexes identified above were observed to cluster into discrete sublineages within the dendrogram. However, this is perhaps not surprising seeing as the dendrogram was constructed from purely genotypic data unlike the MST data which also took traditional epidemiological data into account. It is important to note however, that whilst clonal complex 5 isolates did not cluster by MST, they do in the dendrogram which makes use of the common core of 6 identical alleles to cluster them more effectively, indicating our designation of these isolates as closely related is correct. Sole reliance on genotype data from VNTR loci to infer epidemiological linkage is inadvisable owing to potential homoplasy / convergent evolution inherent in the loci [33] [34] [35] . Our findings are similar to those of Higgins et al., [21] who used MLVA to help elucidate the epidemiology of Brucella abortus in the United States. They recommended combining genotype data with epidemiological data describing geography and chronology of infection to maximise the value of the data.
This being said, the dendrogram clustering does still reveal some potentially interesting findings, at higher levels of hierarchical clustering relating to major lineages. Isolates from clonal complexes 1, 2, 3, 4 and 6 are all found in major lineage 1, whilst those from clonal complexes 5 and 7 are found in major lineage 2 (see Fig 4) . MST data was also suggestive that clonal complexes 1, 2, 3, 4 and 6 were closely related owing to the fact that they clustered very closely (See Fig 5) . Conversely MST data suggested that clonal complexes 5 and 7 were not closely related to the others. The dendrogram data are therefore quite congruent with MST data. Interestingly, clonal complex 7 was isolated in 1991 in a period just before putative eradication and the subsequent recrudescence, whilst clonal complex 5 was extant during the most recent epidemic. This perhaps indicates that the emergence of clonal complex 5 in recent times has some linkage to the past outbreak-perhaps evolving from a clonal complex 7 like ancestor? In addition, the fact that major lineage 1 and associated clonal complexes are so distinct from major lineage 2 implies that the recent epidemic was largely due to a secondary introduction of the pathogen and its subsequent diversification. These findings, if supported by additional genetic testing, are potentially extremely useful from an epidemiological perspective, and would not have been found using traditional, non molecular epidemiological approaches. It would however be beneficial to explore these hypotheses further with more robust phylogenetic inference from whole genome sequence data.
Interestingly, the biovar 2 samples (MLVA11 genotypes 37, 66 and 110) were all observed to cluster together in clonal complex 6. The fact they cluster together is encouraging as the shared biovar designation is indicative that they should be genetically similar-a fact confirmed by application of the MLVA11 panel described herein. These data suggest that epidemiological inferences based on clonal complex 6 data are robust. More interesting, however, is that these biovar 2 genotypes appear to be closely related to the biovar 1 samples from Clonal Complex 1. Indeed, clonal complex 6 is part of the larger meta cluster of biovar 1 strains making up clonal complexes 1,2, 3, 4 and 6 (see Figs 4 and 5) . Such clustering perhaps appears counterintuitive as perhaps one would expect samples from biovar 2 to be genetically distinct, potentially lying within their own lineage. The clustering observed is due to allelic similarity at multiple MLVA11 loci, and whilst homoplasy / convergent evolution is a feature of such loci [33] [34] [35] , the probability of 9 of 11 loci tested being identical by state rather than descent is low. Indeed homoplasy at an even greater number of markers would be an even rarer event. With the latter in mind, it is worth noting that our data indicates genetic homogeneity between biovar 1 and 2 isolates at 20 of the 26 loci from the full MLVA26 panel (See S3 Dataset). When the three most unstable loci from the MLVA26 panel are removed (Hoofprints 7, VNTR12a and VNTR12b) as can be justified because of their observed intra animal hypervariability (see previously), the remaining MLVA23 panel when subjected to eBurst analysis recapitulates the MST relationships between these isolates shown in Fig 5 (See S1 Fig) . This is compelling empirical evidence that the biovar 1 and biovar 2 isolates are very genetically similar. We concede however that to address this issue properly within this epidemiological setting, more robust phylogenetic inference using genome sequencing and stable markers like single nucleotide polymorphisms (SNPs) will be necessary. It is of note however that other previously published findings have been similar to what we describe here. In particular, other MLVA studies have reported congruent results [4, 20] . More recently, Wattam et al., [36] have undertaken genome sequencing of multiple Brucella abortus isolates and observed that from 3 identifiable clades of B.abortus, isolates of biovar 1, 2 and 4 cluster within the same clade.
MLVA11 within herds and within animals-locus hypervariability
Allelic variability underpins the usefulness of VNTR loci in molecular epidemiology. Ideally, the best markers mutate at a rate consistent with the epidemic. If loci mutate too slowly, incorrect inferences on epidemiological linkage can be made, whilst if mutation is too fast, true links are potentially missed or lost. Hyper-variability at some of the Brucella VNTRs has been observed previously. Kulakov et al., [37] have reported that in general, within clonal complex variability of genotype is a feature of lineages of B. abortus. Additionally, Whatmore et al., [4] reported that loci VNTR 12b, Hoofprint 5 and, as in this study, Hoofprints 7 were prone to hypervariability both within animal and post culture. Variability in some of the Hoofprints markers has also been noted before by Bricker et al [18] . Also, within the Brucella genus, a study reporting on an outbreak of B. canis at a Hungarian dog kennel, noted that high mutation rates of some MLVA loci within animals presented a difficulty in unambiguously inferring epidemiological relationships between animals [38] . Similar findings with hypervariable loci affecting precision have been noted in cattle [39] .
Analyses conducted on sub-population B herd level data indicates that both the number of animals affected in a herd breakdown and the time taken to clear infection both result in increased diversity of strain genotypes. This is an intuitive finding since opportunity for mutation and production of new variants will be enhanced by a larger population of bacteria across multiple hosts which have time to diversify. Therefore, an efficient and effective eradication scheme which reduces both time to clear infection and opportunity to infect multiple animals should increase precision of molecular epidemiological methods. Whilst appealing and intuitive however, we do not have the data to confirm that any production of new variants is not occurring at the culture stage. Our data on within animal molecular types from sub-population D indicated that hyper-variability of some VNTR loci, in particular Hoofprint 3 and Hoofprint 4, gave rise to multiple VNTR types during the same outbreak. Analysis indicated a signficiant but weak correlation between number of infected sites sampled and diversity of strain population within animal. Again, this makes intuitive sense, however the number of new strains detected as a result of sampling so many extra sites was low indicating that whilst within host diversification does appear to occur, it was not occurring at a great rate. However we did not have adequate data to assess the effect of time on diversification within animals as this would have required data on exact time of infection, a metric difficult to determine from field data. Conceivably, if animals were identified quickly after infection, as seems likely for data set D which was collected late in the epidemic, perhaps there was insufficient time for the pathogen to produce more diversity. By way of contrast, if within animal diversification is genuinely not a major issue, then as analysis of sub-population B suggests, is diversification happening during transmission to new hosts? In truth, with the data available, we are limited in what we can say about when mutation has occurred, principally because we cannot rule out that potentially, new variants have arisen in the culture process. The latter phenomenon has been documented for the MLVA16 panel [20] , investigation of a B. abortus outbreak in Brazilian cattle found that MLVA profiles were stable in vivo but exhibited considerable change in vitro [40] . In future, in light of the analyses described, it would be beneficial to attempt to determine the stability of local MLVA genotypes in culture. Regardless of when or where mutations occurred, hyper-variability of loci resulting in a lack of stability of genotype within individual breakdowns could conceivably affect epidemiological precision. Encouragingly however, as with sub-population D in this study, provided systematic sampling of multiple animals and multiple infected sites within individual animals is undertaken, it becomes obvious that divergent genotypes still share a common core of less variable loci with alleles identical by descent. Consequently, when combined with epidemiological data, divergent genotypes could be associated with the correct clonal complex and then linked to related outbreaks on the basis of shared clonal complex assignation. This underlines the importance of undertaking systematic surveys of population diversity in outbreaks of B. abortus. Such an approach serves to maintain the transparency of epidemiological links between outbreaks.
Herd-level epidemiology
From the period 1991-2002, clonal complexes 1, 2, 4, 5, 6 and 7 were present in the population and account for 79 disclosing isolates. Clonal complex 7, comprising 5 MLVA11 profiles, was identified only in 1991, and is perhaps a relic of a previous outbreak that was subsequently not observed in the recrudescence of infection from 1997 onwards. Data from these early years are limited however due to a shortage of samples stored. More encouragingly however, for all isolates obtained, host animal identities are known, and movement histories can be tracked using APHIS [29] . These complementary cattle movement data potentially make the MLVA data a more powerful tool for investigating the sources of infection and their spread. However, we identify some local constraints on the complementary use of such data below.
Interestingly, the earlier evolved clonal complexes (clonal complexes 1, 2, 4, 5 and 6) exhibited the most widespread distribution across Northern Ireland during the height of the epidemic between 2003 and 2008 (See Figs 2 and 3) . The latter is probably due to the fact that these early evolved complexes had the opportunity to spread before the reactive efforts of the eradication scheme gathered momentum.
At the height of the recent epidemic (2003-2008) clonal complexes 1, 2, 3, 4, 5 and 6 were all observed accounting for 257 individual herd breakdowns. However clonal complexes 4, 5 and 6, disappeared from the population, seemingly becoming extinct after 2004, having only accounted for a small number of total disclosing isolates / breakdowns (20 isolates -7.7%). At this peak of the epidemic, the majority of cases (n = 132-51%) were caused by clonal complex 1. After this peak from 2009-2012, clonal complexes 2 and 3 became extinct, leaving only clonal complex 1 extant. These findings are consistent with the effectiveness of the brucellosis eradication scheme succeeding in purging most clonal complexes throughout [2004] [2005] [2006] [2007] [2008] , such that by 2009 only clonal complex 1 was extant, but with much reduced diversity compared to previous years, a fact illustrated by the MLVA11 diversity indices in the bottom row of Table 2 showing the diversity of the B. abortus population has been severely reduced from 0.947 to 0.634 in this period.
The later evolved clonal complex 3 presents an interesting case study in terms of more detailed epidemiological analysis, not least because in addition to the molecular characterisation of this "mini epidemic", an independent classical veterinary epidemiological investigation was also conducted contemporaneously in the region it dominated [6] . This clonal complex was only extant during the period from 2004-2007 and remained tightly clustered in the Armagh DVO area, with 30 (86%) of the 35 isolates observed found in that DVO in this period (see Fig 3 and Table 3 ). Some apparent spread occurred in 2006 to other areas, however the vast majority of the isolates were retained in the Armagh DVO area. Perhaps as a result of its comparatively late appearance, and the well established eradication scheme being in place, this clonal complex was well contained and controlled.
The molecular data presented here are largely congruent with the results of the classical veterinary epidemiological investigation carried out by Abernethy et al [6] referred to above. In the latter study, a subset of 41 herd breakdowns from December 2005 to September 2006 in the Armagh DVO area were studied in detail. Abernethy et al [6] concluded that approximately 71% of these breakdowns were epidemiologically linked, with the most likely explanation being contiguous spread between neighbouring farms by cattle to cattle contact at field interfaces. The remaining 29% of herd breakdowns observed were not linked to the latter tightly clustered herds.
Molecular data for this time period and location indicate that only two clonal complexes were active in the Armagh DVO area-clonal complexes 2 and 3 (See Table 3 ). In total, 27 disclosing Isolates from this region were available from this time period. The disparity of 41 herd breakdowns and only 27 disclosing isolates is probably accounted for by the fact that whilst serological testing can detect herd breakdowns, not all breakdowns will produce B. abortus cultures that can be genotyped. Of the 27 disclosing isolates, 21 (78%) were found to belong to clonal complex 3 and exhibited tight clustering in the same area of Armagh DVO that Abernethy et al [6] identified (See Fig 2) . These data are consistent with the tightly clustered herds in question being epidemiologically linked as had been inferred by Abernethy et al [6] . The remaining 6 isolates (22%) were from clonal complex 2 and therefore not epidemiologically linked to the tightly clustered herds accounting for the majority of the herd breakdowns observed in Armagh DVO over this time period.
It is worth noting that 5 isolates of Clonal Complex 3 were noted outside of the Armagh DVO area and the cluster associated with contiguous spread-see Fig 2B. With two of these isolates, associated animal movement data can help to inform on likely sources and spread of disease. For isolate number 2 as shown on Fig 2B, the associated herd succumbed to disease in 2006, and had previously been subject to animal movement from a previously brucellosis affected herd with an identical strain genotype in 2004. Similarly, for isolate number 5 as shown on Fig 2B, the associated herd succumbed to disease in 2005 and was subsequently found to have purchased animals from a herd within the Armagh DVO cluster, in which brucellosis was detected in 2006. In the latter source herd, a closely related single locus variant of isolate number 5 was found.
The remaining 3 isolates outside Armagh DVO could not be traced back, using animal movement records, to putative sources also exhibiting Clonal Complex 3. This failure to detect an infection source may be linked to two contributing phenomena. The first, relates to a feature of farm management and animal husbandry in Northern Ireland. Local farm enterprises are considerably atomised with land parcels distant from home farms used to graze animals. Animals belonging to such herds which utilise this land are however recorded as inhabiting a single point location linked to the home farm buildings. As a result, it is feasible that small scale, unrecorded, animal movements to outlying land parcels could have brought animals into contiguous contact with infected animals from different herds, thereby facilitating spread of disease. Alternatively, during this outbreak, it was noted that there was potential criminal involvement in the deliberate spread of disease via dumping of aborted foetuses on farmland previously unaffected by brucellosis. Whilst rare, this is another potential disease transmission mechanism whose source validation could not have been tracked by recorded animal movement data.
Conclusions
Our findings demonstrate the usefulness of the MLVA technique and the importance of structured population sampling. MLVA, in conjunction with basic epidemiological data can inform on the relatedness of isolates of B. abortus and is of benefit in elucidating sources of infection, linked breakdowns, monitoring of disease spread and more generally in the management of brucellosis eradication schemes. An example of this is our ability to trace likely sources of Clonal Complex 3 related infection back to source herds in the Armagh DVO cluster.
The hyper-variable nature of some loci is an area of concern since multiple genotypes related to single outbreaks can negatively impact an epidemiological investigation. Consequently, very fine epidemiological precision determining links between herds on the basis of shared individual MLVA genotypes was difficult to assess. However, we have demonstrated that provided a systematically structured sampling of multiple animals within outbreak affected herds and individual animals is undertaken to catalogue the allelic variation occurring, epidemiological precision can be maintained. Novel variants can still be assigned to specific clonal complexes on the basis of a shared core of specific alleles at specific loci. These clonal complex data can be used to successfully determine which herds are epidemiologically linked, thereby informing on the likely spread of disease from originating sources. Encouragingly, our molecular data confirm the findings of an independent conventional epidemiological study [6] providing further evidence for the usefulness of MLVA.
In future, a complementary approach could be the use of bacterial whole-genome sequencing to identify very stable and unidirectional micro evolutionary events such as single nucleotide mutations which could also inform on transmission chains and dynamics at a much finer level. These phylo-dynamic approaches have been successful when applied to human pathogens such as in the recent outbreak of E. coli O104:H4 in Germany [41] , M. tuberculosis in the United Kingdom [42] and interestingly, from an animal health perspective, in bovine and badger hosts of Mycobacterium bovis in Northern Ireland [43] . Such approaches may also help to further elucidate the evolutionary history of the pathogen in Northern Ireland thereby informing on potential links to previous epidemics and possible sources. 
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